We present detailed investigation of growth and depth dependence of visible ͑ϳ1.9 eV͒ photoluminescence ͑PL͒ in wurtzite InN epilayers grown by magnetron sputtering. For normal surface incidence, PL peak was found to redshift with increasing growth temperatures. Cross-sectional PL measurements were able to separate contributions from the InN epilayers and sapphire substrates, which not only demonstrated the visible luminescence in InN but also revealed the blueshift of the PL peak with laser spot focusing from epilayer surface toward the interface. The results have been well explained by the growth mechanism and residual strain along growth direction of InN epilayers.
As a promising semiconductor among group III-nitride compounds, indium nitride ͑InN͒ has recently received intensive research interest. However, the growth of high quality InN remains a formidable challenge due to the low dissociation temperature of InN and the extremely high equilibrium vapor pressure of nitrogen. Many of its fundamental properties are still not well known despite the detailed investigation since the 1980s. Current research interests are on the origin of the infrared ͑ϳ0.7 eV͒ photoluminescence ͑PL͒ peak and the epilayer depth dependence of the electrical and optical properties in hexagonal InN.
The observed infrared PL and optical absorption in InN ͑Refs. 1-3͒ were considered as unambiguous evidence for the revision of fundamental band gap energy from the longtime established ϳ1.9 eV ͑Ref. 4͒ to the narrow gap nature of ϳ0.7 eV for hexagonal InN. However, our recent observation of strong room temperature visible luminescence at 1.87 eV, together with a clear absorption edge at 1.97 eV, has demonstrated that it is not accurate in the assignment of ϳ0.7 eV band gap for intrinsic InN simply from the coincidence of the PL and absorption data. 5 Actually, it is still controversial in the literature for the origin of ϳ0.7 eV PL transition and therefore the fundamental band gap energy in InN. The infrared PL peak has been attributed to In clustering in InN epilayers, 6 exciton emissions in In-rich interfaces, 7 and an extrinsic recombination process analogous to the processes that give the blue band in AlN and the yellow band in GaN. 8 Recently, Ho et al. 9 have confirmed that the observed infrared PL peak is not consistent with the band-edge transition in InN. Correspondingly, the possibility of an ϳ1.2 eV band gap has been rebuilt for InN, 8, 10 and the resonant Raman measurements on the InN with ϳ0.7 eV luminescence have also indicated clearly the presence of an InN critical point within ϳ0.2-0.3 eV below 1.5 eV. 11 We have extracted the band gap of ϳ1.2 eV in InN from the PL and optical transmission spectra. 12 Another interesting topic is surface and interface properties of InN epilayers. Mahboob et al. 13 have found a maximum electron density occurs near the surface of InN epilayers, and it gradually declines to the bulk value, confirming the observation of surface charge accumulation by capacitance-voltage measurements. 14 Swartz et al. 15 have identified surface/interface and bulk conduction mechanisms in InN through the variable magnetic field Hall measurements. For optical properties, Chen et al. 16 have employed the cross-sectional Raman spectra to detect the existence of residual strain along the growth direction of the InN epilayers.
The studied InN thin films were grown on ͑0001͒ ␣-Al 2 O 3 substrates by reactive radio frequency magnetron sputtering. 5 Two sets of InN samples were employed in the present investigation. For the first set ͑A series͒, the InN epilayers were grown directly on the ␣-Al 2 O 3 substrates with the growth temperature from 100 to 500°C ͑A1: 100°C, A2: 200°C, A3: 300°C, A4: 400°C, and A5: 500°C͒, while the second set ͑B series͒ InN epilayers were deposited on 10 nm AlN buffer layers under the same substrate temperature ͑B1: 100°C, B2: 200°C, B3: 300°C, B4: 400°C, and B5: 500°C͒. The thickness of these InN epilayers varies from 1.4 to 2.5 m. Micro-PL and Raman measurements were performed on a Jobin Yvon LabRAM HR 800 microRaman system equipped with an Andor DU420 classic charge-coupled device ͑CCD͒ detector. The employment of a 100ϫ optical microscopy objective with a numerical aperture of 0.9 will yield a laser spot size of ϳ0.6 m under an Ar + laser ͑514.5 nm͒. The optical transmission measurements were carried out on a Jobin Yvon 460 monochromator. Figure 1͑a͒ shows a typical x-ray diffraction ͑XRD͒ ͑by Bruker D8 ADVANCE system with a Cu K␣ 1 line͒ profile of the InN thin film B1. Only the peak from ͑0002͒ InN is observed except the peak of the ͑0006͒ reflection from the ␣-Al 2 O 3 substrate. It indicates that the c axis of InN with a wurtzite structure is perpendicular to the substrate surface of ͑0001͒ ␣-Al 2 O 3 . Figure 1͑b͒ displays the corresponding room temperature Raman spectrum with the laser normal incidence to surface. We can identify the clear phonon modes for hexagonal InN: E 2 ͑low͒, B 1 ͑low͒, E 2 ͑high͒, and A 1 ͓lon-gitudinal optical ͑LO͔͒. 17 Figures 1͑c͒ and 1͑d͒ show the optical transmission and PL spectra ͑with the laser normal incidence to surface͒ of the InN sample B1 at room temperature. By the aid of a detailed calculation of the transmission profile considering both the intrinsic square-root absorption and Urbach exponential absorption edge, 18 we are able to demonstrate a fairly good agreement between the calculated solid curve and experimental data ͑solid squares͒, yielding the transmission energy E gTR of 1.960 eV and Urbach bandtail parameter E U of 117 meV. Moreover, it is interesting to note that the present InN exhibits a strong room temperature visible luminescence with the emission peak at 1.842 eV ͑without any luminescence signal around 0.7 eV͒.
It should be noted that transition metals present in sapphire substrates can contribute PL in the region of interest. 19 However, our cross-section PL measurements have ruled out that possibility by separating contributions from the InN epilayers and sapphire substrates. Figure 2 presents the depth dependence of the room temperature PL spectra from the InN samples A1 and B1 ͑both with thickness of 2.5 m͒ under laser light incidence on cross section instead of surface. The inset of Fig. 2 displays a cross-sectional image taken with a CCD camera, where Z =0 m represents the surface of InN epilayer, and Z = 2.5 m for InN͑AlN͒/sapphire interface. As the laser spot probes deeper from the surface toward substrate, a clear blueshift of the PL peaks ͑marked by arrows͒ can be observed. When the laser spot focuses at Z = 2.4 m ͑i.e., the InN͑AlN͒/sapphire interface͒, we can identify the luminescence contribution of both InN epilayer and ␣-Al 2 O 3 substrate simply from the PL line shape and peak, where we have deconvoluted these two emission bands by two dotted curves. At further deeper focus, the luminescence becomes totally from the ␣-Al 2 O 3 substrate.
Due to high electron concentration ͑ϳ10 20 cm −3 ͒, InN thin films are in a degenerate condition. The Stokes shift of ϳ0.1 eV between E gTR and PL peak in Fig. 1 can be explained by different requirements for the momentum selection rule between the absorption and luminescence. 5, 12 Nevertheless, the coincidence between the PL peak and transmission energy does not indicate the fundamental band gap of ϳ1.9 eV for intrinsic InN. 5 For free electron concentration of ϳ10 20 cm −3 , the investigated samples should have a correction of ϳ0.6-0.7 eV for the Burstein-Moss shift, band gap renormalization, and Urbach bandtail effects, 12 resulting in the ϳ1.2 eV fundamental band gap for intrinsic InN. Butcher et al. 20 have recently provided a direct measure of the absolute maximum extent of the Burstein-Moss effect in InN and obtained a value of ϳ0.72 eV for InN with room temperature carrier concentration of 5 ϫ 10 20 cm −3 and bandedge absorption of 1.88 eV, also indicating a fundamental band gap of ϳ1.2 eV.
Figures 3͑a͒ and 3͑aЈ͒ display the PL ͑with the laser normal incidence to surface͒ peak energies of these two sets of InN samples, together with their corresponding full width at half maxima ͑FWHM͒ in Figs. 3͑b͒ and 3͑bЈ͒. Obviously, both PL peak and FWHM decrease with increasing substrate temperatures. We also show the growth temperature dependence of the Urbach band tail parameter E U ͓in Figs. 3͑c͒ and 3͑cЈ͒, obtained by calculating the optical transmission spectra as shown in Fig. 1͑c͔͒ . The Urbach band tail parameter E U mainly reveals the structural disorder in InN samples. 18 The decrease in PL FWHM and E U clearly indicates the crystallinity quality of the InN samples improves with the growth temperature. The experimental data in Fig. 3 3 . Growth temperature dependence of the room temperature luminescence ͓͑a͒ and ͑aЈ͔͒ peak energy and ͓͑b͒ and ͑bЈ͔͒ FWHM under laser normal incidence to surface, together with the corresponding ͓͑c͒ and ͑cЈ͔͒ Urbach bandtail parameter E U from the optical transmission spectra.
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clearly reveal the improvement of InN epilayer structure with the AlN buffer layers, which is largely due to the isomorphism of the epitaxial AlN buffer layer and InN epilayer. With increasing substrate temperatures, the decrease in the PL peak energy in Figs. 3͑a͒ and 3͑aЈ͒ could be attributed, at first sight, to the decrease of high free electron concentration, relevant with the improvement of InN crystallinity. However, our careful Hall effect measurements do not show the correspondence. The depth dependence of the PL peak energy shown in Fig. 2 also does not follow the reported spatial variation of electron concentration within InN epilayers. 13, 14 Another important influential factor is the residual strain along the growth direction of InN epilayers, which is both growth temperature and film depth dependent.
In-plane tensile ͑compressive͒ stress within the InN epilayer will redshift ͑blueshift͒ the luminescence peak in InN. Mainly, there are three kinds of stresses in thin films. The lattice-mismatch strain is normally relieved when the epilayer thickness in our samples is far beyond the critical thickness. During the period of postgrowth cooling, thermal strain appears due to the different thermal expansion coefficients between the epilayer and substrate. Since the thermal expansion coefficient of InN ͑3.8ϫ 10 −6 /K͒ is smaller than that of both AlN ͑4.2ϫ 10 −6 /K͒ and ␣-Al 2 O 3 ͑7.5ϫ 10 −6 /K͒, we therefore expect a compressive stress for the thermal strain in both A and B series samples, and the compressive stress in A series samples will be much larger than that of B series ones. Meanwhile, another stress occurs due to the differential cooling rate along the cross section of the sample ͑called cooling strain͒. The fastest cooling rate on the epilayer surface results in the largest tensile stress, which gradually declines toward the interface. Both the thermal and cooling strains in epilayers increase with the growth temperature, and the observed redshift of the PL peak in Fig. 3 reveals the gradual dominant contribution of the tensile cooling strain at surface of the epilayers. In comparison with B series samples, the weaker surface residual tensile stress in A series ones due to the compensation of larger compressive thermal strain will lead to the smaller redshift of PL peak, as clearly observed in Fig.  3 , further verifying the above arguments. Figure 4͑a͒ displays the typical depth dependence of the peak energies from cross-sectional PL spectra of InN epilayers ͑B series͒. In addition to the redshift of PL peak with increasing substrate temperatures, we see clear blueshift of the PL peaks along the cross section from the epilayer surface ͑Z =0 m͒ to interface. For the compressive thermal strain, it increases with the depth Z, and would be the greatest near the interface. However, the cooling strain has largest tension at epilayer surface, and gradually declines toward the interface. The compensation between the compression and tension yields the decrease in the residual tensile strain within the epilayers toward the interface, and therefore the blueshift of the PL peaks in Figs. 2 and 4͑a͒ . In contrast, the reported decrease in electron concentration with the depth in InN can only result in redshift of the PL peaks. Furthermore, we can apply the conventional elastic theory for relationship between the measured peak energy E gPL and in-plane strain H via E gPL = E gPL0 + ␣ H , with E gPL0 ͑ϳ1.92 eV͒ the PL peak energy in unstrained InN thin films and deformation potential ␣ ͓ϳ−4.1 eV ͑Ref. 21͔͒. Figure 4͑b͒ shows the estimated in-plane stress xx with the elastic constants in Ref. 22 . It is clear that InN epilayers grown on sapphire substrates are under tension with stress values up to 74 kbars depending on the growth temperature and sample thickness. FIG. 4 . Cross-sectional depth dependence of ͑a͒ luminescence peak energy and ͑b͒ estimated stress in InN epilayers ͑samples B1, B3, and B5͒ with the surface beginning at Z =0 m.
